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Introduction
The ever growing demand of radio spectrum is becoming a challenging task to accommodate in the current frequency allocation scheme. Emerging radio technologies are looking for a few MHz to a few GHz of bandwidth in order to meet consumer demand in cellular, medical, public safety, and local area wireless networks [Jianfeng et al., 2011 , Rappaport et al., 2013 . The aim is to provide high data rate services, connectivity, high quality of service, security, and interoperability with the drive to improve the utilization of the radio spectrum in current and upcoming frequency allocation schemes.
To improve spectrum utilization in the current frequency allocation scheme, the unused portions of the radio spectrum (i.e., spectrum holes) can be reutilized. However, to enable this, reliable spectrum occupancy measurements are required to find the spectrum holes in time, frequency, and space. Moreover, these measurements can be beneficial to model the occupancy of the radio spectrum and to define protocols for "when and how" the spectrum holes can be reutilized.
A cognitive radio (CR) is thus an intelligent radio which can learn from the environment and adapt its parameters to provide reliable communication links and improve the spectrum utilization by accessing the unused spectrum opportunistically provided that it is interference free to the licensed users of the network [Haykin, 2005; Tandra et al., 2009; Liu et al., 2013] . To avoid interference to the primary user, a geolocation database can be complemented by a sensing engine (SE) for local monitoring. Thus, a CR device must be able to detect the spectrum holes reliably, which depends on the hardware used to sense the spectrum [Finn et al., 2011] and the detection algorithm [Yucek and Arslan, 2009; De Vito, 2013] .
The performance of the SE is measured based on bandwidth, sensitivity, dynamic range, frequency resolution, and sweep time, which is the time to acquire a snapshot of the spectrum [Denkovski et al., 2010; Cabric et al., 2004] . The large sensed bandwidth is required to increase the chances of finding spectrum holes and possible bandwidth aggregation. To detect weak signals, a SE is required to have high sensitivity to overcome the hidden node problem and a large dynamic range for reliable detection of weak signals in the presence of strong signals. A short snapshot time allows the SE to capture short-duration signals, whereas fine resolution bandwidth is needed to capture narrowband signals. For instance, to detect signals in the 2.4 GHz industrial, scientific, and medical (ISM) band the snapshot duration should be on the order of 100-200 μs with the narrowest resolution bandwidth being less than 1 MHz [Yuxing et al., 2011] .
In this paper in section 2 we discuss the different types of sensing engines and give a summary of the reported measurement parameters. This is followed in section 3 by a description of an ultrawideband (UWB) programmable SE developed for simultaneous measurements in two frequency bands. The measurement setup and data analysis methodology are described in section 4. The results are discussed in section 5 followed by conclusions in section 6.
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Approaches of Sensing Engines
Key considerations in the design of spectrum sensing approaches include type of equipment, speed and sophistication of data capture and processing, and degree of integration with software tools for analysis. Energybased spectrum sensing approaches range from the simple received signal strength indicator to the more sophisticated advanced sensing engines using state of the art radio frequency (RF) and digital techniques [Farrell et al., 2009; Finn et al., 2011] . These sensing solutions can be further categorized as follows: The frequency domain method mixes the incoming signal with a frequency sweep across the monitored spectrum [Razavi, 1998 ]. In traditional spectrum analyzers (SA) the signal is then band-pass filtered at an IF frequency, amplified, and detected by using a log amplifier as shown in Figure 1 [Agilent, 2016] . This approach is commonly called the heterodyne method, and the frequency sweep is normally generated by using analogue frequency generators.
An alternative to the architecture in Figure 1 is the direct down conversion architecture employed in the frequency modulated continuous waveform (FMCW) or chirp sounder as shown in Figure 2 [Salous et al., 1998] . In this technique the received signal is directly mixed down to baseband with a high rate digital frequency sweep. The output is then filtered and digitized for off line analysis by using the double fast Fourier transform (FFT) or processed online with a digital signal processor component if implemented in the hardware.
In the time domain method, the received RF signal is filtered, amplified, and down-converted to baseband by using quadrature demodulation as illustrated in Figure 3 [Razavi, 1998 ]. The baseband components are then digitized and processed by using digital spectral analysis techniques such as the FFT. Thus, sensing engines based on the direct down conversion technique tend to employ two boards: RF front end and a digital board, which can be interfaced to other boards, thus providing flexibility.
The advantage of the time domain method is its ability to capture the RF bandwidth in a short duration leading to "real-time spectrum analysis". However, the bandwidth that can be sensed at any instant in time is limited by the sampling rate of the analogue to digital converters (ADC) in the data acquisition unit [Hongjian et al., 2013] . In contrast, the frequency-sweep method results in bandwidth compression which requires a single low rate ADC, which enables large frequency sweeps to be monitored. Comparing the digital frequency swept method with the analogue method, faster sweep rates can be achieved and these in turn enable capturing short duration signals. Current real-time spectrum analyzers have reported bandwidths up to 510 MHz, which enables capturing 3.33 ns pulses [Keysight, 2015] .
To study the spectrum utilization, several spectrum occupancy measurements have been performed worldwide in both indoor and outdoor environments by using a variety of sensing engines [Islam et al., 2008; Harrold et al., 2011; Xue et al., 2013; Chiang et al., 2007; Salous, 2010; Qaraqe et al., 2010; Wellens et al., 2007; Lopez-Benitez et al., 2009] . Table 1 gives a summary of reported measurements which illustrate the trade-off between the type of SE, sensed bandwidth, sensing time, and frequency resolution. Heterodyne sweep method used in spectrum analyzers [Agilent, 2016] . Figure 4 . The SE, which is based on Salous [2010] , enables high time and frequency resolutions over a larger sensing bandwidth in a shorter sweep duration. The SE consists of four main units: a reference clock distribution unit, a digital frequency sweep (DFS) unit with two frequency ranges of 0.25-1 GHz and 2.2-2.95 GHz, an RF down-converter unit, and a control and command unit.
The reference clock distribution unit contains a 10 MHz clock with frequency multipliers to produce multiple reference clocks for the phase locked loops and for the analogue to digital converter in the command and control unit. The direct digital frequency synthesizer (DDFS) in the DFS unit, clocked at 2.15 GHz, can be programmed via a USB interface to generate a linearly increasing FMCW signal up to 1 GHz. It has a frequency resolution of 0.5006 Hz, and it takes 32 clock cycles to update its frequency. The high frequency components due to the digital to analog conversion process in the DDFS are removed by using a custom deigned low-pass filter (LPF) with a cutoff frequency of 1 GHz as illustrated in Figure 5a before and after filtering. The filtered DDFS output provides the reference signal for the first down-converter to sense radio technologies up to 1 GHz such as TETRA, TV, and the GSM 900 band. The filtered signal is also up converted to 2.2 GHz to 2.95 GHz by using a direct up-converter (UC) with 3.2 GHz local oscillator and a 750 MHz custom designed band-pass filter (BPF) [Feeney and Salous, 2013] . Figure 5b shows the up-converted signal before and after filtering. The down-converter unit has two independent RF chains (RFC), which can provide programmable RF gains up to 30 dB for RFC 1 and 31 dB for RFC 2.
The command and control unit consists of a programmable signal conditioning (SC) circuit, which filters the low IF signal with either a 5 MHz or 10 MHz LPF and provides programmable amplification at baseband up to 43 dB. The received signals are then digitized by a two-channel 14-bit digitizer which supports continuous data transfer rate of 1400 MB/s on a PCI Express Bus. The unit has a field programmable gate array (FPGA) to phase synchronize the digital sweeps of the DDFS and to generate control signals for the RF gains, signal conditioning gains, digitizer, and antenna switching circuit, if required. The logged data can be monitored online or stored for off-line processing where further filtering is applied followed by either a double FFT or a Hilbert transform to compute the received power P dBm estimate À Á . At the beginning of each measurement, the gains are computed based on the sampled data in real time to avoid over driving of the mixers in both of the RF chains or to increase the instantaneous dynamic range (IDR).
The performance of the SE was verified from a number of tests to ensure correct detection. Figure 6 illustrates its detection capability of the 2.4 GHz WLAN signal in the ISM band with a 750 MHz swept bandwidth in a snapshot time of 204.8 μs. The continuous wave (CW) signal at 2.3 GHz and the 20 MHz FMCW signal centered 
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CHEEMA AND SALOUS COGNITIVE RADIO 1415 at 2.737 GHz were generated by using signal sources to verify the stability of the SE with time in capturing CW signals and its capability to measure frequency swept signals.
The SE was also calibrated to evaluate its dynamic range and its sensitivity by using a CW signal as the input into the SE. The CW signal was fed via an attenuator, which was gradually increased until the received signal could not be distinguished from the noise floor. The logged data were filtered by using a high-order Gaussian window to obtain a 1 MHz frequency resolution, and the received power P dBm receive À Á was computed by using the link budget in equation (1):
where RFCgain dB and SCgain dB define the gains of the RF and SC gains, respectively. The value of the overall system losses losses dB system was measured at 7 dB for RFC 1 and 4 dB for RFC 2. Table 2 summarizes the measured performance parameters of the developed SE, where the noise figure (NF) is found to be between~13-14 dB and the measured sensitivity is found to be better than À90 dBm. An IDR value of~30 dB is achieved in both frequency ranges.
Measurements and Data Analysis
Measurements Setup
Measurements were performed in the two frequency bands of the SE at Durham University. The band between 250 MHz and 1 GHz was measured by using a log-periodic antenna placed on top of the roof of the school of engineering and computing sciences and pointing toward the city center as shown in 
Data Calibration
The raw data were calibrated for all gains and losses in the system, including cables and antenna, to estimate the received power. To set the threshold level for detection, the noise floor was measured as discussed in section 3 for the exact setups used in the measurements. The detected noise floor was then estimated to be on the order of~À109 dBm for the band between 250 MHz to 1 GHz and~À101 dBm for the band between 2.2 and 2.95 GHz. The decision thresholds were thus set up for 10 dB signal-to-noise ratio at À99 dBm and À91 dBm, respectively. These values were found empirically by configuring the SE in the respective band and location. The uncertainty in the noise is measured, and 10 dB was found to be the noise free region for occupancy measurements.
Data Analysis
In cognitive radio, a parameter that can be used to evaluate the availability of the spectrum is the duty cycle, which represents the fraction of time a frequency bin or frequency band is occupied. This is generated first by evaluating the function Ω(t i , f j ) obtained by identifying all the frequency bins f j , which are above a certain threshold λ j chosen to be above the noise floor of the measured power, S(t i , f j ), spectrum for each snapshot, t i as in equation (2). CHEEMA AND SALOUS COGNITIVE RADIO 1417
The duty cycle Ψ j can then be estimated for each frequency bin f j by finding the average over time as in equation (3), where N t is the total number of time observations or snapshots. For a frequency band, the duty cycle Ψ is found from the average over time and frequency band as in equation (4).
Results
To estimate the occupancy over the 24 h period, the data were analyzed in two different ways: (1) to identify the received frequency bands by computing the average and maximum values of the power spectrum and (2) to estimate the duty cycle as in equations 2-4. Figures 8a and 8b display the results for the two analysis methods for the frequency range of 250 MHz-1 GHz, respectively. Figure 8a shows that at the measurement location the following subbands were received: subband 1: 250-470 MHz, assigned to military, aeronautical, and public safety radio technologies with the highest power levels detected in the aero- Figure 8b shows that either the transmission is continuously received as for broadcasting TV channel 33 or that the received signal level drops below the threshold such as for TV channel 58 and the GSM 900 downlink signal in non-office hours. 
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CHEEMA AND SALOUS COGNITIVE RADIOParticularly, multiple 200 kHz narrowband channels were detected in the GSM 900 downlink signal. Similarly, the indoor measurements were processed to estimate the average and maximum spectrum and the duty cycle for the 24 h observation period as illustrated in Figure 9 . The frequency range was also divided into three subbands, subband 4: 2200-2400 MHz, subband 5: 2400-2500 MHz, and subband 6: 2500-2950 MHz. Figure 10 displays the utilization of subband 5 which exhibited the highest level of occupancy for a threshold level of À91 dBm. The figure shows that the band is primarily occupied during office hours as it is mainly occupied with the 2.4 GHz WLAN signal.
In the frequency ranges of 2.2-2.4 GHz (subband 4) and 2.5-2.95 GHz (subband 6), no significant activity was recorded, which makes them a suitable choice for CR applications. Table 3 provides a comparison of spectrum utilization among the different subbands. Subband 3 is highly utilized due to the downlink signal of GSM 900. While subbands 1 and 2 are relatively less utilized with spectrum utilization less than 8%. Subbands 4 and 6 have less than 1% spectrum utilization, which is about 625 MHz of unoccupied bandwidth, while subband 5 has spectrum utilization of 3.15%. The overall spectrum utilization in both bands is 8.08%, which indicates that the spectrum is highly underutilized at the measurement location and CR applications can benefit from it by accessing it opportunistically.
The on/off behavior of transmission in the GSM 900 band and the 2.4 GHz WLAN is very important to understand and can be exploited to create spectrum opportunities for CR users, where they can access the frequency bin/channel/band in the time domain [Cheema and Salous, 2014] .
Conclusion
The implementation of a high resolution ultrawideband SE is presented, and its performance is demonstrated. The measured sensitivity is found to be better than À90 dBm with IDR of~30 dB achieved for the full sensing bandwidth.
Measurements taken on the campus of the University over 24 h show that the radio spectrum is highly underutilized and its utilization can be increased by accessing it opportunistically. The spectrum utilization in services like GSM 900 and 2.4 GHz WLAN is relatively high in office hours compared to nonoffice hours. Moreover, due to the ON/OFF behavior of the transmitter in these radio technologies, spectrum holes can be accessed in the time domain. A database of partially occupied or fully unoccupied frequency bins (bands) can be made and shared between CR users for access. 
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